Abstract

23
The Acinetobacter baumannii global clone 1 (GC1) isolate AB307-0294, recovered in the 24 USA in 1994, and the global clone 2 (GC2) isolate ACICU, isolated in 2005 in Italy, were 25 among the first A. baumannii isolates to be completely sequenced. AB307-0294 is susceptible 26 to most antibiotics and has been used in many genetic studies and ACICU belongs to a rare 27 GC2 lineage. The complete genome sequences, originally determined using 454 28 pyrosequencing technology which is known to generate sequencing errors, were re-29 determined using Illumina MiSeq and MinION (ONT) technologies and a hybrid assembly 30 generated using Unicycler. Comparison of the resulting new high-quality genomes to the 31 earlier 454-sequenced version identified a large number of nucleotide differences affecting 32 protein coding features, and allowed the sequence of the long and highly-repetitive bap and 33 blp1 genes to be properly resolved for the first time in ACICU. Comparisons of the 34 strains continue to be used for genetic studies and their genomes continue to be used asreferences in phylogenomics studies including core gene determination, there is value in 48 baumannii genomes available in GenBank appeared to be highly variable, mainly due to 96 different numbers of copies of the various repeated segments and the reading frame was often 97 fragmented (17). The blp1 gene, which is 9-10 kbp encodes a further very large protein that 98 also has internal repeats and is associated with biofilm formation (17) . 99
Newer sequencing technologies such as PacBio (Pacific Biosciences) and MinION 100 (Oxford Nanopore Technologies, ONT) can generate much longer sequencing reads (9) 101 allowing gaps to be spanned. MinION only assemblies are also prone to errors (18) but can 102 be combined with high-accuracy Illumina short read data to produce very high quality 103 finished genome assemblies (19). Long read sequence data has enabled a re-assessment of 104 early completed A. baumannii genomes, including several of the first 10 to be sequenced 105 (Table 1) . For example, in 2016, ATCC 17978 was re-sequenced using PacBio. This revealed 106 the presence of a 148 kb conjugative plasmid, pAB3, fragments of which were erroneously 107 merged into the chromosome in the original 454-based assembly (20). This plasmid sequence 108 brought together the parts of GIsul2, fragmented pieces of which had been randomly 109 distributed in the chromosome in the original sequence (21). In 2017, we revised the 454-110 based genome sequence of the GC1 strain AB0057 using Illumina HiSeq technology, and 111 found that hundreds of single base additions or deletions changed >200 protein coding 112 
Methods
154
Whole genome sequencing, assembly and annotation 155
Whole cell DNA was isolated and purified using the protocol described previously (1, 36). 156
Libraries were prepared from whole cell DNA isolated from AB307-0294 and ACICU and 157 were sequenced using Illumina MiSeq and ONT MinION. Paired-end reads of 150 bp and 158
MinION reads of up to 20 kb were used to assemble each genome using the Unicycler 159 software (v0.4.0) (19) using default parameters. 160
Protein coding, rRNA and tRNA genes were annotated using the automatic annotation 161 program Prokka v1.13 (37). Regions containing antibiotic resistance genes and the 162 polysaccharide biosynthesis loci, biofilm-associated proteins and genes used in the MLST 163 schemes were annotated manually. 164
To compare previous CDS (≥ 25 aa CDS features) annotations with our new results, we wrote 165 a script (github.com/rrwick/Compare-annotations) to quantify the differences. This script 166 classifies coding sequences in the annotations as either exact matches, inexact matches, only 167 present in the first annotation or only present in the second annotation. We also used the Ideel 168 pipeline of Dr Mick Watson (github.com/mw55309/ideel) to assess the completeness of CDSannotated in each genome, by comparing the length of each CDS to that of its longest 170 BLAST hit in the Uniprot database (as described in http://www.opiniomics.org/a-simple-test-171
for-uncorrected-insertions-and-deletions-indels-in-bacterial-genomes/). 172
Results and discussion
174
Revised genome of ACICU 175
ACICU, the first GC2 strain to be completely sequenced, contains AbaR2 in the 176 chromosomal comM gene (27). As this AbaR resistance island type is more usually found in 177 this location in GC1 strains (38) with an AbGRI1 type island in GC2 isolates (39), ACICU 178 may represent a rare GC2 lineage. Here, the ACICU genome was re-sequenced using a (Table 1) . Most of the additional length in 183 the revised chromosome was found to be due to a 11.2 kbp longer bap gene, which is just over 184 11 kbp and in 9 smaller orfs in the original sequence (locus_ids ACICU_02938 to 185 ACICU_2946) as noted previously (17). In the revised genome sequence the bap gene is 22.2 186 kbp (BAP; locus_id DMO12_08904), mainly due to a large number of short strings of repeated 187 sequences missing previously. Hence, some of the variation in length of bap reported 188 previously (17) may be due to sequencing and assembly issues rather than genuine length 189 as a 4.7 kb long backbone segment, located between two copies of a ~420 bp repeated segment, 217 are missing from the original sequence of pACICU2, the larger plasmid of ACICU (35). Here,the long-read sequences generated for pACICU2 (GenBank no. CP031382) confirmed this. 219
The revised plasmid sequence differs by 6 SND from pAb-G7-2 (GenBank no. KF669606.1), 220 a conjugative plasmid from a GC1 isolated in Australia in 2003 reported previously (41). 221
Revised genome of AB307-0294 222
The AB307-0294 genome was also sequenced using a combination of Illumina (MiSeq, 63x 223 depth) and ONT (MinION, 120x depth) (Table 1) . As with AB0057, the majority of differences were found to be additions or 227 deletions of 1-3 bases, usually in "A" or "T" in homopolymeric runs of these nucleotides. within 5% of the expected length, calculated using the ideel pipeline, versus just 96.4% 238 (n=3336) in the old assembly (Fig. 1B) . 239
The bap gene was 25863 bp (locus_id ABBFA_00771), the same length as reported 240 assembly (see Fig. 1C ). Hence, the original assembly was substantially flawed and should not 263 be used in future. However, although the original study reported that ATCC 17978 contains 264 two cryptic plasmids of 13 kb, pAB1 (GenBank no. CP000522.1) and 11 kb, pAB2 (GenBank 265 no. CP000523.1) (42), the revised genome does not include either of these plasmids. This may 266 be due to an assembly parameter setting to filter out the small contigs, which would removeGranted the large effects observed on the length of bap and blp in ACICU using long 269 read data, their sizes in original and revised genomes in the remainder of the first set of 10 270 (Table 1) were compared and significant differences were observed only where long read data 271 was used in the revision. In the GC2 strain MDR-ZJ06 (GenBank accession no. CP001937), 272 blp1 (locus tag ABZJ_03096) is 9,812 bp in the revised genome (CP001937.2) versus 9,134 273 bp in the original sequence (locus tag ABZJ_03096). Further, bap, which is 7946 bp in the 274 revised genome (locus_id ABZJ_03955) was split into 3 orfs, ranging in size from 2 to 2.5 kb, 275 in the original sequence. In ATCC 17978, the blp1 gene is not present in either the original or 276 the revised genome. However, the bap gene, which was split into two open reading frames 277 
Conclusions
281
The revised genome sequences of AB307-0294 and ACICU will underpin more accurate 282 studies of the genetics and genomic evolution of related A. baumannii strains belonging to 283
GC1 and GC2. 284
This work highlights the need to review and revise early bacterial genomes sequenced using 285 short read data and assembled with (or sometimes without) PCR to join contigs. Special 286 attention needs to focus on the genomes determined using the 454-pyrosequencing 287 technology in order to correct predicted protein sequences. 288
Long read data, such as those generated by PacBio and ONT (MinION) technologies, allows 289 for complete genome assembly without manual intervention. While assembling long read 290 data alone can result in sequence errors and failure to detect small plasmids, hybrid assembly 291 (using both short and long reads) can produce assemblies that are both complete and accurate. 
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